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INTRODUCTION 
I 

I 
Bitumen-impregnated sandstone, o r  t a r  sand, represents  an enormous wor ld  

hydrocarbon source, es t imated  a t  over one t r i l l i o n  b a r r e l s  of o i l  i n  p lace .  
Al though the  v a s t  m a j o r i t y  o f  t h i s  resource i s  found i n  the  d e p o s i t s  o f  western 
Canada and e a s t e r n  Venezuela, s i z e a b l e  p o r t i o n s ,  c u r r e n t l y  es t imated  a t  30 b i l l i o n  
ba r re l s ,  r e s i d e  i n  t h e  c o n t i n e n t a l  U.S.; most o f  t h i s  i s  l oca ted  i n  the  s t a t e  o f  
Utah. A smal l  percentage o f  t h i s  w o r l d  resource i s  recoverab le  by known o r  
p r o j e c t e d  s u r f a c e  m i n i n g  methods. The b u l k  can be recovered o n l y  by the  develop- 
ment o f  e f f e c t i v e  and economical i n  s i t u  recovery methods which a l l o w  t h e  recovery 
o f  o i l  va lues  from i n - p l a c e  d e p o s i t s  w i t h o u t  t h e  need o f  e x t e n s i v e  m i n i n g  opera- 
t i o n s .  

I 

Many methods have been proposed f o r  the i n  s i t u  recovery  o f  u n a l t e r e d  and/or I 
m o d i f i e d  bi tumen f r o m  t a r  sand d e p o s i t s  ( I ) .  O f  these, in  s i t u  thermal methods 
possess many a t t r a c t i v e  f e a t u r e s  over  o t h e r  proposed i n  s i t u  recovery  methods. In  
general ,  thermal recovery  r e f e r s  t o  t h e  process o f  in -p lace  h e a t i n g  o f  the  t a r  
sand, u s u a l l y  th rough combustion o f  a p o r t i o n  o f  t he  t a r  sand bitumen, a l l o w i n g  
recovery o f  b i tumen as a now-mobile t a r  o r  as a cracked bi tumen produc t .  I t  i s  
t h i s  process o f  i n - p l a c e  thermal c r a c k i n g  t h a t  i s  o f  p a r t i c u l a r  i n t e r e s t  to  UL and 
which prompted t h i s  study o f  t h e  p y r o l y t i c  behav io r  o f  t a r  sands as a p a r t  of  the 
Laramie Energy Research Center 's  o v e r a l l  e f f o r t  i n  the  development o f  i n  s i t u  ta r  
sand recovery  techno logy .  

I 

I 
I 

I 

Stud ies  o f  t he  thermal c r a c k i n g  o f  pe t ro leum m a t e r i a l s  have been ex tens ive  
( 2 ) ;  however. s t u d i e s  d i r e c t e d  a t  the  thermal c r a c k i n g  o f  t a r  sand bi tumen have 
been o n l y  s p a r s e l y  r e p o r t e d  ( 3 ) .  Most o f  these l a t t e r  s t u d i e s  i n v e s t i g a t e d  the 
c r a c k i n g  p r o p e r t i e s  o f  bitumen a f t e r  i t  had been separated f rom the  accompanying 
sand. Conclusions drawn from p y r o l y s i s  s t u d i e s  o f  separated bi tumen may no t  be . 
v a l i d  when a p p l i e d  t o  p y r o l y s i s  o f  bi tumen t h a t  remains i n  c o n t a c t  w i t h  mineral  
ma te r ia l  as i n  the  n a t u r a l  s t a t e .  Rather,  one would expect t o  f i n d  d i f f e r e n c e s  i n  
the  produc t  y i e l d s  and observed k i n e t i c s  from p y r o l y s i s  o f  neat  bi tumen vs pyro ly -  
s i s  o f  bitumen-sand because o f  such system d i f f e r e n c e s  as thermal c o n d u c t i v i t y ,  
product escape pa ths ,  s u r f a c e  area t o  b u l k  volume r a t i o s ,  and minera l  c a t a l y s i s .  

T h i s  paper r e p o r t s  a l a b o r a t o r y  s t u d y  o f  the  thermal c r a c k i n g  behav io r  o f  
four Utah t a r  sands and a Canadian t a r  send i n  which no p r i o r  s e p a r a t i o n  o f  
bitumen from t h e  m i n e r a l  m a t e r i a l  has taken p lace .  Th is  thermal c r a c k i n g  behavior 
has been i n v e s t i g a t e d  i n  terms o f  the  produc ts  formed, i . e . ,  l i q u i d  p roduc ts ,  
gaseous produc ts ,  and char .  The k i n e t i c s  o f  t h e  o v e r a l l  p y r o l y s i s  r e a c t i o n  has 
been suggested. 

I 
EXPERIMENTAL 

Tar Sand Samples 

Representa t ive  semples o f  the parent  t a r  sand m a t e r i a l  l i s t e d  below were 
frozen i n  l i q u i d  n i t r o g e n  and crushed t o  pass a 14-mesh (U.S. s e r i e s  No. 16) 
screen. T h i s  s i z e d  m a t e r i a l  was used i n  a l l  p y r o l y s i s  exper iments.  
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Northwest Aspha l t  Ridge t a r  sand from a c o r e  o f  t he  295- t o  305- f t  zone a t  
NW1/4 NE1 /4  SE1/4 se t .  23, T. 4 S . ,  R. 20 E . ,  U i n t a h  Co., Utah; 

P.R. Spr ing  t a r  sand o u t c r o p  m a t e r i a l  f rom NE sec. 32,  T. 15-1/2 S., R. 23 
E., U i n t a h  Co., Utah; 

Tar Sand T r i a n g l e  t a r  sand from a c o r e  o f  t h e  1180- t c  1200- f t  zone a t  S W l / 4  
SE1/4 .  sec. 22, T. 30 S., R.  16 E., Wayne Co., Utah; 

Sunnyside t a r  sand f rom a c t l re  o f  the 421- t o  4 5 8 - f t  zone a t  NE1 /4  S W l / 4 ,  
sec. 31, T. 13 S.,  R. 15 E . ,  Carbon Co., Utah; 

Athabasca t a r  sand f rom a p i t - r u n  sample s u p p l i e d  by t h e  Great Canadian O i l  
Sands Co., A l b e r t a ,  Canada. 

P y r o l y s i s  Experiments 

Product C o l l e c t i o n  Experiments. - P y r o l y s i s  exper iments were performed u s i n g  
a h o r i z o n t a l  tube furnace, equipped w i t h  an e l e c t r o n i c  temperature c o n t r o l l e r ,  t o  
heat a 250-mm s e c t i o n  o f  pyrex  p y r o l y s i s  tube (20-mm i.d.) c o n t a i n i n g  charges o f  
140 t o  170 g o f  t a r  sand. Heat-up ra tes  were such t h a t  t he  d e s i r e d  temperatures 
(500, 750, and 1000°F) were reached w i t h i n  15 m i n .  A l l  exper iments were conducted 
under a n i t r o g e n  atmosphere f l o w i n g  a t  0.5 I /m in  (uncor r . )  cor respond ing  t o  a f l u x  

r a t e  o f  230 s c f / f t 2 / h r .  
temperature. Major l i q u i d  p roduc ts  were c o l l e c t e d  i n  two r e c e i v e r s ;  the  f i r s t  was 
an a i r  condenser, t h e  second was an ice-coo led  t rap .  I n  a l l  runs the  m a j o r i t y  o f  
products were c o l l e c t e d  a t  t he  a i r  condenser; only t r a c e  amounts o f  very l i g h t  
products were c o l l e c t e d  i n  the  i c e  t rap .  A l l  o i l  p roduc ts  were combined, sealed, 
and s to red  under n i t r o g e n  a t  5°F f o r  l a t e r  a n a l y s i s .  
i n  100-ml gas sampling b o t t l e s  downstream o f  the  ' ice t rap .  

The n i t r o g e n  was preheated t o  approximate f i n a l  furnace 

Gas samples were c o l l e c t e d  

Product A n a l y s i s .  - O i l  p roduc ts  were analyzed fo r  elemental  composi t ion,  
s p e c i f i c  g r a v i t y  (60eF/600F), and Ramsbottom carbon residue. O i l  p roduc ts  were 
analyzed f o r  sa tura tes ,  a romat ics ,  po la r  a romat ics ,  and asphal tenes (SAPA analy-  
s i s ) .  Th i s  i n v o l v e s  deaspha l ten ing  w i t h  n-pentane and chromatography o f  t he  
r e s u l t i n g  maltenes on a water - jacke ted  column c o n t a i n i n g  200 g o f  grade 62 s i l i c a  
ge l  (Grace) made up i n  n-pentane ( l oad ing  r a t i o  1OO:l); successive e l u t i o n  w i t h  n- 
pentane, benzene, acd benzene/methanol (9:l) separated the  maltenes i n t o  s a t u r a t e ,  
aromat ic,  and p o l a r  a romat ic  f r a c t i o n s ,  r e s p e c t i v e l y .  Simulated d i s t i l l a t i o n  
analyses o f  t h e  o i l  p roduc ts  were ob ta ined by the  i n t e r n a l  s tandard  method o f  
Poulson, e t  a l .  (4 ) .  
t rome t e r . 
K i n e t i c  Experiments 

Gas analyses were ob ta ined u r i n g  a CEC-21-620 mass spec- 

K i n e t i c  d a t a  were ob ta ined us ing  the  same tube fu rnace w i t h  i t s  preheated, 

i n e r t  sweep-gas arrangement ( f l o w  r a t e  0.2 I /min,  uncor r ,  f l u x  r a t e  92 s c f / f t  / h r ) ;  
however, t he  p y r o l y s i s  tube was m o d i f i e d  t o  a l l o w  t h e  ready i n s e r t i o n  and removal 
o f  sn,al l  ceramic combustion boats c o n t a i n i n g  the  t a r  sand samples. P r i o r  t o  a 
run, the  fu rnace temperature was a d j u s t e d  t o  the  d e s i r e d  temperature,  u s i n g  a 
thermocouple conta ined w i t h i n  a boat f i l l e d  w i t h  6.5 g o f  c l e a n  sand. 
thermal ly  es tab l i shed,  t he  fu rnace showed a maximum d r i f t  o f  2OF over a 3-hr 
per iod .  
an a c c u r a t e l y  weighed sample o f  approx imate ly  6.5 g o f  t a r  sand conta ined i n  a 
re ramic  boat. The boat  was p laced i n  t h e  h o t  zone f o r  the  d e s i r e d  t ime pe r iod ,  
drawn t o  the  c o l d  end o f  t he  tube, and coo led  f o r  2 min under a n i t r o g e n  atmos- 
phere. The boat was then removed, r a p i d l y  coo led  i n  powdered d r y  ice,  and s to red  
i n  a d e s s i c a t o r .  Upon r e t u r n i n g  t o  ambient temperature,  t he  boat was weighed t o  
record  the  t o t a l  v o l a t i l e  loss and placed i n  a S lass  e x t r a c t i o n  th imb le  c o n t a i n i n g  

2 

Once 

Runs were performed by i n s e r t i n g  i n t o  t h e  h o t  zone of t h e  p y r o l y s i s  tube 
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I 

RESULTS AND D I S C U S S I O N  I 

I 

a f i n e  f r i t t e d  d i s c  o v e r l a i d  w i t h  a g l a s s - f i b e r  pad. The t h i m b l e  was weighed and 
e x t r a c t e d  e x h a u s t i v e l y  w i t h  ho t  benzene/ethanol, 3 / l ,  i n  a m o d i f i e d  Soxh le t  
e x t r a c t o r  (5). A f t e r  e x t r a c t i o n ,  t h e  t h i m b l e  and boat were d r i e d  i n  vacuo a t  
175OF and reweighed; t h e  d i f f e r e n c e  i n  i n i t i a l  and f i n a l  we igh ts  was taken as the 
weight o f  e x t r a c t a b l e  bi tumen remain ing  on the  t a r  sand. 

P y r o l y s i s  Products 

Al though t h e  chemical  processes o c c u r r i n g  i n  t a r  sands bi tumen a t  e leva ted  
temperatures a r e  most l i k e l y  numerous and complex, t he  o v e r a l l  convers ion  can be 
viewed s imp ly  as g i v e n  i n  Equat ion  1 :  

kg 
Bitumen O i l  + Gas + Coke 

t h a t  i s ,  t h a t  b i tumen upon h e a t i n g  i s  conver ted  i n t o  th ree  produc ts ;  o i l ,  gas, and 
coke. To be u s e f u l ,  t h i s  v iew r e q u i r e s  a d e f i n i t i o n  o f  terms. Bitumen i s  the  
t o t a l  n a t i v e  o r g a n i c  p o r t i o n  o f  t a r  sand t h a t  i s  s o l u b l e  i n  b o i l i n g  benzene/ethanol; I 
o i l  i s  t h e  sum o f  a l l  l i q u i d  p roduc ts ,  condensable a t  O"C,  t h a t  v o l a t i l i z e s  from 
the  heated t a r  sand m a t e r i a l ;  gas i s  t h e  t o t a l  v o l a t i l e  p roduc t ,  no t  condensable 
a t  O " C ,  t h a t  i s  evo lved from t h e  heated t a r  sand; and coke i s  t he  benzene/ethanol- 
i nso lub le ,  n o n v o l a t i l e  carbonaceous m a t e r i a l  remain ing  on the  sand a f t e r  bitumen 
decomposition. I m p l i c i t  i n  t h i s  d e f i n i t i o n  i s  t he  r e a l i z a t i o n  t h a t  n a t i v e  bitumen 
may c o n t a i n  m a t e r i a l  d e f i n e d  as o i l  and gas b e f o r e  p y r o l y s i s .  

P y r o l y s i s  exper iments were performed on t h e  f o u r  Utah and one Canadian t a r  
sands a t  500, 750, and 1000°F under a f l ow ing ,  i n e r t  atmosphere. Analyses o f  
s t a r t i n g  bitumens, o i l  recovery,  and r o u t i n e  produc t  i n s p e c t i o n s  o f  the p y r o l y s i s  
o i l s  a r e  g iven i n  T a b l e  1 .  Several general  t rends  a r e  apparent i n  these da ta .  
O i l  recovery inc reased w 7 t h  i n c r e a s i n g  temperature, a l t h o u g h  the  m a j o r i t y  of t h i s  
increase occur red  as t h e  temperature was increased through t h e  lower p y r o l y s i s  
temperatures, i.e., 500 t o  750°F. A t  temperatures f rom 750 t o  I O O O " F ,  o i l  reco- 
ve r ies  increased o n l y  modera te ly  w i t h  the  increased temperature.  O i l  recover ies  
represent  ac tua l  o i l  p roduc t  c o l l e c t e d  and do n o t  account f o r  t h e  p o s s i b l e  loss of 
o i l  due t o  m i s t  f o r m a t i o n .  Coke-forming c h a r a c t e r  o f  the  bitumens g e n e r a l l y  
fo l lowed t h e i r  Ramsbottom carbon res idue va lues  except f o r  t h e  P.R. Spr ing  sample 
which showed a v e r y  l o w  cok ing  va lue .  
t he  p y r o l y s i s  was v e r y  incomple te  a t  t h i s  temperature l eav ing  l a r g e  q b a n t i t i e s  of 
e x t r a c t a b l e  bi tumen ar;d e s s e n t i a l l y  no coke. Elemental  analyses of t he  produced 
o i l s  i nd i ca ted  t h a t  p y r o l y s i s  caused l i t t l e  change i n  the  C/H r a t i o  w h i l e  a f f e c t i n g  
a reduc t i on  i n  n i t r o g e n  and s u l f u r  con ten t .  As compared t o  t h e  parent  bitumen, 
s p e c i f i c  g r a v i t i e s  o f  t h e  produced o i l s  decreased throughout the  p y r o l y s i s  tempera- 
t u r e  range w h i l e  Ramsbottom carbon res idue va lues  dropped on a l l  produced o i l s .  
Pour p o i n t s  o f  t he  produced o i l s  were low f o r  t he  500°F p y r o l y s i s  and increased 
f o r  the 750 and 1000°F o i l s .  Pour p o i n t s  f o r  t he  Aspha l t  Ridge 750 and 100G"F 
p y r o l y s i s  o i l s  were u n u s u a l l y  h igh ,  perhaps r e f l e c t i n g  the  presence o f  heavy 
hydrocarbons i n  these o i l s  as f u r t h e r  evidenced by t h e i r  waxy appearance. 

Coke va lues  a t  5 0 O O F  a r e  n o t  repor ted ,  as 

The produced o i l s  and the  s t a r t i n g  bitumens were analyzed by  s i l i c a  ge l  
chromatography t o  de termine t h e i r  ma jor  compos i t iona l  f r a c t i o n s .  They were deas- 
phal tened w i t h  n-pentane and t h e  r e s u l t i n g  maltenes chromatographed on s i l i c a  gel 
t o  g i ve  s a t u r a t e s ,  a romat ics ,  and p o l a r  a romat ics  f r a c t i o n s .  The r e s u l t s  o f  t h i s  
chromatographic a n a l y s i s  (SAPA) a r e  g iven i n  Tab le  2. A l l  produced o i l s  contained 
a s u b s t a n t i a l l y  h i g h e r  s a t u r a t e s  conten t  than the  parent  bi tumen and e s s e n t i a l l y  
no asphaltenes. As t h e  p y r o l y s i s  temperature i s  increased the re  i s  a c l e a r  s h i f t  
i n  the SAPA f r a c t i o n s  toward t h e  more p o l a r  c o n s t i t u e n t s .  A t  lower temperatures, 
the  p o l a r  c o n s t i t u e n t s ,  bo th  n a t i v e  and cracked produc ts ,  p robab ly  l ack  s u f f i c i e n t  

I 

I 

I 

I 
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v o l a t i l i t y  t o  escape the  bitumen, and remain behind t o  be f u r t h e r  cracked u n t i l  
they a re  s u f f i c i e n t l y  v o l a t i l e  t o  escape. As the  p y r o l y s i s  temperature i s  i n -  
creased, these p o l a r  m a t e r i a l s  a re  capable o f  v a p o r i z i n g  f r o m  the bitumen i n  a 
molecular  s t a t e  r e t a i n i n g  t h e i r  p o l a r  cha rac te r .  

Simulated d i s t i l l a t i o n  a n a l y s i s  o f  t he  t a r  sand bitumens and o f  the produced 
P y r o l y s i s  o i l s  f rom these bitumens i s  g i v e n  i n  Tab le  3 .  The data a r e  repo r ted  as 
the weight  pe rcen t  o f  the  sample d i s t i l l i n g  w i t h i n  100" ranges from 300" t o  1000°F. 
M a t e r i a l  d i s t i l l i n g  above 1000°F i s  c l a s s i f i e d  as residuum. Because the sample 
o i l s  Were analyzed i n  benzene s o l u t i o n ,  t h i s  a n a l y s i s  d i d  n o t  a l l o w  accu ra te  
de te rm ina t ion  o f  m a t e r i a l s  d i s t i l l i n g  between 0" and 300°F; however, q u a l i t a t i v e  
i nspec t i on  o f  t he  corresponding GC t r aces  i n d i c a t e d  t h a t  t he  q u a n t i t y  o f  m a t e r i a l  
d i s t i l l i n g  i n  t h i s  range i s  smal l ,  es t ima ted  tci be 0 t o  2 w t  percent .  

A l though minor d i f f e r e n c e s  may be observed among the  d i s t i l l i n g  range charac- 
t e r i s t i c s  o f  the  va r ious  produced o i l s  repo r ted  i n  Table 3 ,  more s i g n i f i c a n t  a r e  
the S i m i l a r i t i e s .  A l l  t a r  sands, rega rd less  o f  p y r o l y s i s  temperature, produced 
o n l y  small amounts, u s u a l l y  IO percent  o r  l ess  o f  o i l  b o i l i n g  under 500°F. However, 
the d i s t i l l a t i o n  curves f o r  a l l  produced o i l s  showed the same t r e n d  toward h ighe r  
p ropor t i ons  o f  t he  product  d i s t i l l i n g  a t  h ighe r  temperatures as t h e  p y r o l y s i s  
temperature increased. An impor tan t  o b s e r v a t i o n  can be made cons ide r ing  t h e  
d i s t i l l a t i o n  da ta  and the  o i l  recovery da ta  (Table 3 and Table I ) .  A t  a p y r o l y s i s  
temperature o f  750"F, o i l  recovery i s  h igh ,  approaching t h a t  a t t a i n a b l e  a t  1000°F, 
w h i l e  the d i s t i l l a t i o n  cha rac te r  o f  t he  750°F p roduc t  o i l  i n d i c a t e s  t h i s  m a t e r i a l  
i s  cons ide rab ly  l i g h t e r  than t h a t  produced a t  1000°F. That i s ,  a lower b o i l i n g  
product  o i l  can be generated a t  t he  lower  p y r o l y s i s  temperature w i t h  a moderate 
reduc t i on  i n  o i l  recovery o r  increase i n  coke fo rma t ion .  

Resul ts  o f  t he  analyses o f  t he  gases produced d u r i n g  the  p y r o l y s i s  a r e  g i ven  
i n  Table 4. A l though i t  was n o t  p o s s i b l e  i n  these exper iments t o  o b t a i n  an accurate 
ma te r ia l  balance on the gases produced, due t o  m i s t i n g  o f  the  o i l ,  incomplete 
bitumen convers ion,  a r d  d i l u t i o n  w i t h  i n e r t  gas, t he  repo r ted  va lues rep resen t  the 
composi t ion o f  t he  gas (n i t rogen- f ree)  averaged ove r  the  e n t i r e  p y r o l y s i s .  The 
produced gas was predominant ly  composed o f  hydrogen and methane, w i t h  C g  and C q  

hydrocarbons be ing  nex t  most abundant. 
o t h e r  gases such as carbon d iox ide ,  carbon monoxide, carbonyl  s L l f i d e ,  and hydro- 
carbons above C5. P roduc t i on  of hydrogen s u l f i d e  was h i g h  f o r  Athabasca t a r  

sands, which con ta ins  h i g h - s u l f u r  bitumen, b u t  low f o r  Tar Sand T r i a n g l e  t a r  
sands, which a l s o  con ta ins  h i g h - s u l f u r  bitumen. T h i s  d i f f e r e n c e  suggests t h a t  the 
s u l f u r  i n  these t a r  sands i s  i nco rpo ra ted  i n t o  chemica l l y  d i f f e r e n t  species, 
thereby s i g n i f i c a n t l y  a f f e c t i n g  the p r o d u c t i o n  o f  hydrogen s u l f i d e  from the  t w o  
b i  tumens. 

P y r o l y s i s  K i n e t i c s  

A lso  produced were small  q u a n t i t i e s  o f  

The o v e r a l l  r e a c t i o n  dep ic ted  i n  Equat ion 1 d e f i n e s  the  p y r o l y s i s  process as 
one i n v o l v i n g  the  convers ion o f  bitumen ( reac tan ts )  t o  o i l ,  gas, and coke (products)  
by the a p p l i c a t i o n  o f  heat  t o  a t a r  sand. Many chemical and p h y s i c a l  processes 
c o n t r i b u t e  t o  t h i s  convers ion  and to the observed loss o f  bitumen, each process 
being governed by i t s  own concen t ra t i on  and r a t e  dependencies. The o v e r a l l  r a t e  
constant ,  kB, d e s c r i b i n g  t h i s  process i s  t h e r e f o r e  a n e t  r a t e  cons tan t ,  be ing the  

summation o f  a l l  c o n t r i b u t i n g  processes. A l though the  p y r o l y s i s  i s  complex, two 
bas i c  steps encompass the  n e t  convers ion:  I )  c r a c k i n g  o f  l o w - v o l a t i l  i t y  o rgan ics  
t o  y i e l d  products  o f  h ighe r  v o l a t i l i t y  and coke and 2) v a p o r i z a t i o n  o f  t he  n a t i v e  
and produced o i l s  a l l o w i n g  t h e i r  escape f rom the  bitumen-sand m a t r i x .  I t  i s  n o t  
p o s s i b l e  from the present  study t o  separate these s teps t o  study t h e i r  k i n e t i c s  
independently thereby o b t a i n i n g  t r u e  r a t e  data i n  t h e  fundamental sense. Rather 
our  approach has been t o  s tudy the r a t e  of loss o f  bitumen i n  a process sense 

281 



where the determined r a t e  d a t a  r e f l e c t  no t  o n l y  c r a c k i n g  and produc t  v o l a t i l i z a t i o n  
ra tes ,  bu t  a l s o  o t h e r  c o n t r i b u t i n g  exper imental  v a r i a b l e s  such as bitumen f i l m  
th ickness, semple p o r o s i t y ,  i n e r t  atmosphere sweep ra tes ,  and o the rs .  

Ana lys is  o f  our  d a t a  t o  determine r e a c t i o n  o r d e r  i n d i c a t e d  t h a t  the  bes t  
s t r a i g h t - l i n e  f i t  was o b t a i n e d  by a p p l i c a t i o n  o f  a f i r s t - o r d e r  t reatment t o  the  
loss o f  bitumen as a f u n c t i o n  o f  t ime. The f i r s t - o r d e r  r a t e  equat ion  express ing  
t h i s  r e l a t i o n  i s  g i v e n  i n  Equat ion  2 ( 6 ,  7 ) :  

1 kg = 7 I n  [a /(a - x ) ]  0 0  
where: t = r e a c t i o n  t ime  

aC = i n i t i a l  q u a n t i t y  o f  bitumen 

x = q u a n t i t y  o f  b i tumen d isappear ing  i n  t ime ( t )  

F igure  I i s  t he  p l o t  o f  d a t a  ob ta ined f o r  t he  p y r o l y s i s  o f  t he  Aspha l t  Ridge 
t a r  sand a t  f o u r  temperatures p l o t t i n g  t ime ( t )  vs I n  [ao / (ao-x ) ] .  

show tha t  temperatures o f  800, 900, and 1000°F produce good s t r a i g h t  l i n e s  a f t e r  
t h e  i n i t i a l  heat-up p e r i o d ,  whereas the  700°F run  r e s u l t e d  i n  a n o n l i n e a r  p l o t  
throughout t h e  e n t i r e  t i m e  span. A n a l y s i s  o f  t he  da ta  f o r  p y r o l y s i s  of the  o t h e r  
t a r  sand samples gave p l o t s  o f  v e r y  s i m i l a r  c h a r a c t e r  t o  F i g u r e  1 w i t h  o n l y  minor 
d i f f e r e n c e s  i n  l i n e  p o s i t i o n  a t  t he  s p e c i f i c  p y r o l y s i s  temperatures. 

These p l o t s  

Rate cons tan ts ,  kB, f o r  each o f  these p y r o l y s e s  were determined from t h e  

s l o p e  o f  p l o t s  o f  Equat ion  2, u s i n g  the  bes t  f i t t i n g  l i n e a r  r e g r e s s i o n  l i n e .  
S t a t i s t i c a l  c o e f f i c i e n t s  o f  d e t e r m i n a t i o n  f o r  these r e g r e s s i o n  l i n e s  were 0.96- 
0.99 f o r  t he  800, 900, and lOOO'F runs, i n d i c a t i n g  a good t o  e x c e l l e n t  s t r a i g h t  
l i n e  f i t ,  w h i l e  t h a t  for the  70OoF runs were 0.90 t o  0.92, i n d i c a t i n g  n o n l i n e a r i t y  
and/or s i g n i f i c a n t  c c r v a t u r e  i n  the  da ta  p o i n t s .  

The r a t e  c o n s t a n t s  c a l c u l a t e d  f o r  the  f i v e  t a r  sands a re  g i v e n  i n  Tab le  5. 

Bitumen h a l f - l i f e  values, tlI2, were c a l c u l a t e d  
The p y r o l y s i s  r a t e s  increased by a f a c t o r  o f  about 200 as p y r o l y s i s  temperatures 
increased from 700" t o  1000°F. 

f rom the observed r a t e  cons tan ts  and a r e  g i v e n  i n  Tab le  5. 
ranged from 5800 t o  8500 sec a t  70OoF t o  37 t c  63 sec a t  1000°F. 

These tl,2 va lues  

An Ar rhen ius  (&) p l o t  ( I / T  vs I n  kB) f o r  the  P. R. Spr ing  t a r  sand p y r o l y s i s  

i s  shown i n  F i g u r e  2. S i m i l a r  p l o t s  f o r  t he  o t h e r  f o u r  se ts  o f  r a t e  cons tan ts  
a l lowed the  c a l c u l a t i o n  o f  apparent Ar rhen ius  a c t i v a t i o n  energ ies ,  g i v e n  i n  Table 
5, f o r  the  p y r o l y s i s  o f  each t a r  sand. S t r a i g h t  l i n e  c o r r e l a t i o n s  were ob ta ined 
f o r  each Ar rhen ius  p l o t ,  w i t h  c o e f f i c i e n t s  o f  d e t e r m i n a t i o n  o f  0.94 t o  0.99. The 
apparent Ar rhen ius  a c t i v a t i o n  e r e r g i e s  f o r  t be  p y r o l y s i s  o f  t h e  f i v e  t a r  sands 
were near l y  equal ,  w h i c h  suggests t h a t  t he  p y r o l y s i s  s teps  c o n t r i b u t i n g  t o  the  
ra te -de termin ing  process  a re  s i m i l a r  i n  each case; and a l though the  r a t e  constants 
a t  a g iven  temperature v a r y  f rom t a r  sand t o  t a r  sand, the  e f f e c t  o f  an inc rease 
i n  temperature on the  r e a c t i o n  r a t e  i s  t h e  same i n  each. 

SUMMARY 

The general  p y r o l y t i c  behav io r  o f  t he  Utah t a r  sands i s  remarkably s i m i l a r  
d e p o s i t  t o  d e p o s i t  and f o l l o w s  the  trends i n  p y r o l y s i s  c h a r a c t e r i s t i c s  o f  t he  
Athabasca t a r  sands. Common t o  a l l  t a r  sands i n v e s t i g a t e d  i s  the  p r o d u c t i o n  by 
p y r o l y s i s  o f  an upgraded o i l ,  r e l a t i v e  t o  the  n a t i v e  bitumen, i n  terms o f  elemental 
composi t ion,  SAPA compos i t ion ,  d i s t i l l a t e  conten t ,  carbon res idue,  and s p e c i f i c  
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g r a v i t y .  The r a t e  cons tan ts  for  bitumen p y r o l y s i s ,  measured as the  r a t e  o f  loss 
o f  e x t r a c t a b l e  bitumen, were found to be f i r s t  order .  i n  bitumen and to  range from 

I X sec-l  a t  700°F t o  200 x sec - l  a t  1000°F. Each t a r  sand p y r o l y s i s  
e x h i b i t e d  an apparent  A r rhen ius  a c t i v a t i o n  energy i n  the  range o f  33 t o  35 k c a l ,  
suggesting a s i m i l a r i t y  between t h e  t a r  sands i n  t h e i r  p r i n c i p l e  p y r o l y s i s  pro-  
cesses. 
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TABLE 2. - SAPA a n a l y s i s  of t a r  sand bitumens and p y r o l y s i s  o i l s  

Pyro l  ys i s P o l a r  

Tar  sand O F  W t .  % w t .  % W t .  % W t .  % 
temp, Satura tes ,  Aromatics,  a romat ics ,  Asphaltenes,  

B i tumen 48 I8 27 6 
Asphalt  500 90 6 4 0 
Ridge 750 84 1 1  6 0 

1000 77 13 9 1 

B i tumen 29 25 35 1 1  
500 82 a 10 0 
750 74 16 12 0 

1000 65 18 13 1 

B i tumen 42 22 IO 26 
Tar Sand 500 87 IO 3 0 
T r i a n g l e  750 91 7 2 0 

1000 70 25 5 0 

B i tumen 40 15 25 20 

P.R. Spring 

83 
73 
65 

7 
16 
22 

I O  
I I  
13 

0 
0 
1 

B i tumen 43 25 14 17 - .  
500 95 3 2 0 
750 91 4 2 0 

1000 84 IO 6 . o  
Athabasca 
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TABLE 4 .  - .Gas ana lys is  

Pyro lys is  Composition, w t .  %, ni t rogen- f ree-  a /  
H2S Other c 4  c5 

temp., 
Tar sand O F  H Z  '"4 '2 '3 
Aspha 1 t 500 36 15 18 2 1 0 0 28 
Ridge 750 25 25 9 6 I8 3 7 7 

6 1 1  1000 30 21 a 6 12 6 

P . R .  Spring 500 25 13 13 4 2 0 27 16 
6 14 6 2 12 750 27 24 9 

1000 28 30 8 4 6 4 1 19 

0 0 0 26 Tar Sand 500 5 38 24 7 
T r i a n g l e  750 1 1  23 14 IO 21 IO 9 2 

1000 26 47 12 3 5 1 3 3 

750 36 25 13 6 I6 1 1 2 
1000 56 31 4 I 4 I 0 3 

Athabasca 500 19 8 14 I 1 0 I 4  43 
5 

Sunnys i de 500 30 23 21 0 0 0 0 26 

8 21 
1000 I9 36 1 1  8 l 3  7 4 12 3 
750 IO 22 12  

a/Ni trogen_ave_r_aged 90 to 99% of t o t a l  gas 
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TABLE 5. - Rate cons tan ts  and apparent Arrhenius a c t i v a t i o n  energ ies 
f o r  t a r  sand p y r o l y s i s  

P y r o l y s i s  
Apparent Arrhenius 

constant  tl,2, sec Ea, k c a l  
tzmp., 4 - 1  kB x 10 , r e c  

Tar sand 

Aspha l t  
Ridge 

700 0.81 8500 
33 16.5 800 4.5 1500 

900 89 78 
1000 110 63 

33 16.5 800 4.5 1500 
900 89 78 

1000 110 63 

P.R. Spr ing 700 1 . 1  6300 
33 16.5 800 6.7 1000 

900 64 110 
1000 180 38 

T a r  Sand 700 1.2 5800 
T r  iang I e 800 7.2 960 

900 52 130 
1000 150 46 

Sunnyside 700 0.88 7800 

33 16.5  

Atha basca 

35 17.9 800 5.1 i 400 
900 99 70 

1000 I60 43 

700 1 . 1  6300 
800 7. I 970 
900 59 120 33 16.4 

.. 

1000 I90 37 
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FIGURE 1 . -  FIRST-ORDER KINETIC PLOT FOR ASPHALT RIDGE TAR SAND PYROLYSIS. 

FIGURE 2.- ARRHENIUS PLOT FOR P.R. SPRING TAR SAND PYROLYSIS. 
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